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(57) A method for matching a two dimensional im- 
age to one of a plurality of three dimensional candidate 
models. The method including the steps of: determining 
the position and orientation of the two dimensional im- 
age; for each three dimensional model, computing a his- 
togram-like table having a computed brightness coeffi- 
cient for each surface norma} of the model based on the 
corresponding value in the two dimensional image, each 
brightness coefficient depending only on the corre- 
sponding surface normal; and either successivefy ren- 
dering each three dimensional modei in the determined 
position and orientation using the surface normals in 
conjunction with the corresponding computed bright- 
ness histogram-like table; and comparing the two di- 
mensional image with each of the rendered three dimen- 
sional models or computing the variance of the bright- 
ness coefficients that are used to create each bucket of 
the histogram-like tabie, a bucket being a set of similar 
normal values that are lumped together to form a single 
argument value in the histogram-like table; computing 
the sum of the variances of the histogram-it ke table 
buckets; and ranking the three dimensional models us- 
ing its computed sum as an error function, the ranking 
indicating the likelihood that the corresponding three di- 
mensional model matches the two dimensional image. 
Also provided is a program storage device readable by 
machine, tangibly embodying a program of instructions 
executable by the machine to perform the method steps 
of the present invention and a computer program prod- 
uct embodied in a computer-readable medium for car- 
rying out the methods of the present invention. 
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Description 

BACKGROUND OF THE INVENTION 
5 1 • Field of the Invention 

[0001 ] This invention relates generally to computer vision and more particularly to the recognition and identification 
of a face or other object from among a stored database of three dimensional (3D) models when presented with an 
arbitrary two dimensional (20) photograph of a face or object, under arbitrary pose and lighting conditions, 

10 

2. Prior Art 

[0002] There are two subf ields of computer vision that are closely related to the field of this invention: face recognition, 
and object recognition. Face recognition has primarily been concerned with identifying 2D images of human faces, or 
« matching 2D images of faces to other such 2D images. The methods of the prior art have not used 3D models of faces 
to identify 2D images. 

[0003] The field of object recognition , however, has had a major concern with identifying 2D images based on known 
3D models. There have been numerous works in this area. A more recent example is the methods that use what is 
called "alignment". 

20 [00041 The usual methods consist of extracting some features from the gray scale image which are then matched 
with candidate features from the models. Examples of features are special points (such as corners), extracted edges, 
configurations of edges (such as parallel edges, sometimes referred to as "ribbons"), etc. The primary problems in the 
object recognition literature revolve around how to (1) choose good features, (2) how to manage the combinatorial 
explosion that results from the possibilities of matching large numbers of image features with large numbers of model 

25 features, and (3) how to measure the quality of a match In the presence of numerous sources of error. The issue of 
lighting enters primarily at the (eariy) stage when features for matching are being extracted. The prior art related to 
object recognition has considerable bearing on performing step (1) above (pose estimation), but has little to say about 
the problem of accounting for the effects of light that are needed in steps (2) and (3). 

[0005] Face recognition, on the other hand, has had considerable interest in dealing with lighting. The face recognition 
30 literature has evolved a number of methods of dealing with variations in lighting. These revolve around two main ap- 
proaches: (1) estimating the lighting conditions (as in step (2) above), or (2) analyzing the space of images that is 
created as the lighting is varied. Typically, method (2) takes advantage of "principal components analysis" (PCA) to 
identify the dimensions of the image space where the most variation occurs. These typically image-based methods 
have been fairly successful under conditions where pose does not vary. However, in general they have not been con- 
35 cemed with the use of 3D models, although there are those in the art who have constructed 3D models from images, 
and have been concerned about the relations between images and 3D structure, as have a large fraction of workers 
in computer vision. 

[0006] There is also significant work by others in the art on using the space of distortions of a face in conjunction 
with the observed shading to permit a linearization that in turn admits a PCA analysis on which recognition can be 

40 based. These artisans use a method based on distortions of graphs that join standard feature points on the face or 
similar methods, which have been applied in commercially available systems. Many groups in recent years have been 
interested in face recognition and the literature that has arisen in the past 5 or so years is quite large. The primary 
focus of all these methods, however, has been on identifying 2D images based on training sets of other 2D images. 
[0007] A major contributing factor to the explosion in interest in face recognition was the successful application of 

45 PCA methods to the problem. This was impressive because it was a tractable solution to what had hitherto been 
considered an intractable problem. However, there are severe limitations with respect to variation of the conditions 
under which the data must be captured; in particular, lighting, pose, and scale must be as constant as possible. These 
[imitations can be traced to the fact that PCA is a linear decomposition and therefore only will give good results when 
the space it is being applied to is a linear space. The space of images under varying pose is not linear, and therefore 

50 PCA breaks down. Those in the ant have addressed this problem by finding particular ways to convert the nonlinear 
space back to a linear one that is amenable to PCA. Still others in the art have pointed out that in the simplest cases, 
any image of such a simple object was just a linear combination of the images under almost any 3 different lighting 
conditions. This led to activity in this area, culminating with work on rigorously working out the relationship between 
lighting and the space of images. It should be pointed out, however, that in the presence of shadows, the situation is 

55 still quite complex. 

[0008] There are apparatus known in the art for capturing 3D models of people's faces. These apparatus capture 
pictures of the faces in registration with the 3D models that are captured. The 3D models consist of the 3-dimensionai 
coordinates of a large number of points on the surface of the face, typically on the order of 640 x 640, along with the 
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color picture value at each point. This provides the possibility of realistic computer graphics rendering of the faces from 
any vantage point. 

[0009] It is envisioned that these apparatus can be used to capture a targe number of face models. In some appli- 
cations, this number could reach on the order of one million faces or more. 
5 [0010] One application of such apparatus is face identification, i.e., given a query consisting of an arbitrary 2D pho- 
tograph of a face, to search a large database of previously captured 3D models of faces to find the model which best 
matches the photograph, 

[0011] There are numerous obstacles to be overcome to accomplish this. In general, there is no knowledge or control 
of the conditions under which the query photograph was acquired. Therefore, the pose (i.e. the position and orientation 
10 of the subject) and the lighting conditions of the query photograph are unknown. 

[0012] One prior art paradigm, in this setting, for matching a query to a model, proceeds as follows: 

1} the pose of the face in the query is determined. For purposes of this application, "pose" is defined as the 3D 
position and orientation of the face; 

15 

2) the lighting in the query is determined. This means finding the direction, intensity, and color of any number of 
light sources which may have been illuminating the subject when the query photograph was acquired; 

3) for each model in the database, computer graphics techniques are then used to render a realistic image of the 
so model in the pose and lighting conditions determined in steps (1) and (2); and 

4) among the renderings computed in the previous step, the one which most closely approximates the query is 
found. 

25 [001 3] Ail of these steps Involve difficulties wh ich the current state of the art has not overcome. The methods of the 
present invention concerns the second, third and fourth steps, namely, finding the lighting conditions in the query, and 
determining which proposed candidate would appear most like the query under those lighting conditions. 
[0014] The impediment in the method of the prior art described above is that to solve for lighting requires knowing 
the 3-dimensional configuration of the surface that was photographed, as well as its reflectance characteristics. How- 

30 ever, the query does not provide any of this information directly. A large effort in computer vision over the past 40 years 
has been devoted to inferring this information from one or more pictures. 

[001 5] The methods of the prior art perform steps (2) and (3) above by first solving for lighting by solving the image 
irradiance equation (the Lambertian imaging equation), which is a system of linear equations, with 5 independent 
variables for each potential light source: 2 variables Indicating the direction of the light (for example, bearing and 

35 azimuth), and 3 variables indicating the red, blue, and green intensity, respectively. The number of equations is equal 
to the number of data points in the Image for which surface normal and reflectance are available times the number of 
color components, typically 3. However, an important constraint is the requirement that the light intensities must not 
be negative. This latter requirement precludes solving the system using a standard method for linear systems, and 
instead requires a more sophisticated method, such as a linear programming technique, or the algorithm known as 

40 non negative least squares. These special techniques require significantly greater computer time to solve than the same 
system would require without the constraints of non-negativity. This approach was brought forth by those in the art, as 
mentioned above. 

SUMMARY OF THE INVENTION 

45 

[0016] Therefore it is an object of the present invention to provide a method for matching a 2D image to one of a 
plurality of 3D candidate models contained in a database in which an object is identified without the need for solving 
for light sources or other complex and costfy computations such as eigenvector determination. 
[001 7] It is a further object of the present invention to provide a method for matching a 2D image to one of a plurality 
so of 3D candidate models contained in a database which has relatively lower costs over prior art methods that solve for 
lighting. 

[0018] It is yet a further object of the present invention to provide a method for matching a 2D image to one of a 
pluralfty of 3D candidate models contained in a database which is simpler than prior methods. 
[0019] It is still yet a further object of the present invention to provide a method for matching a 2D image to one of 
55 a plurality of 3D candidate models contained in a database which does not require iterative algorithms that take one 
to two orders of magnitude more computer time on the size of problems involved. 

[0020] Accordingly, a method for matching a two dimensional image to one of a plurality of three dimensional can- 
didate models is provided. The method comprises the steps of: determining the position and orientation of an object 
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giving rise to the two dimensional image; computing a representation of lighting effects that allows the lighting that 
gave rise to the two dimensional image to be used to render a realistic image of a three dimensional model; successively 
rendering each three dimensional candidate model in the determined position and orientation using the surface normals 
in conjunction with the corresponding computed representation of lighting effects; and comparing the two dimensional 

s image with each of the rendered three dimensional candidate models. 

[0021] Another method for matching a two dimensional image to one of a plurality of three dimensional candidate 
models is also provided. This method comprises the steps of: determining the position and orientation of an object 
giving rise to the two dimensional image; computing a representation of lighting effects based on the plurality of three 
dimensional candidate models and the two dimensional image that allows evaluation of the likelihood that a particular 

10 three dimensional candidate model gave rise to a particular two dimensional image; and choosing the most likely model 
to have generated the query based on the computed representation of lighting effects, 

[0022] In a first variation of the methods for matching atwo dimensional image to one of a plurality of three dimensional 
candidate models, the method comprises the steps of: determining the position and orientation of the two dimensional 
image; for each three dimensional model, computing a histogram-like table having a computed brightness coefficient 
15 for each surface normal of the model based on the corresponding value in the two dimensional image, each brightness 
coefficient depending only on the corresponding surface normal; successively rendering each three dimensional model 
in the determined position and orientation using the surface normals in conjunction with the corresponding computed 
brightness histogram-like table; and comparing the two dimensional image with each of the rendered three dimensional 
models. 

20 [0023] In a second variation of the methods for matching a two dimensional image to one of a plurality of three 
dimensional candidate models, the method comprises the steps of: determining the position and orientation of the two 
dimensional image; for each three dimensional model, computing a histogram-like table having a computed brightness 
coefficient for each surface normal of the model based on the corresponding value in the two dimensional image, each 
brightness coefficient depending only on the corresponding surface normal; computing the variance of the brightness 

25 coefficients that are used to create each bucket of the histogram-like table, a bucket being a set of similar normal values 
that are lumped together to form a single argument value in the histogram-like table; computing the sum of the variances 
of the histogram-like table buckets; and ranking the three dimensional models using Its computed sum as an error 
function, the ranking indicating the Mkeiihood that the corresponding three dimensional model matches the two dimen- 
sional image. 

30 [0024] Stiil further provided is a program storage device readable by machine, tangibly embodying a program of 
instructions executable by the machine to perform the method steps of the methods and variations thereof of the present 
invention and a computer program product embodied in a computer-readable medium for carrying out the methods, 
and variations thereof, of the present invention. Preferably, the computer program has modules corresponding to the 
steps of the methods and variations thereof of the present invention. 

35 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] These and other features, aspects, and advantages of the methods of the present invention will become better 
understood with regard to the following description, appended claims, and accompanying drawings where: 

40 

FiG. 1 illustrates a schematical representation of the method of the present invention. 
FIG. 2 further illustrates the lightsphere module of FIG. 1 . 
« FIG. 3 illustrates a graphical representation of the lightsphere data structure of FIG. 2. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0026] Although this invention is applicable to numerous and various types of objects to be recognized, it has been 
so found particularly useful In the environment of human face recognition. Therefore, without limiting the applicability of 
the invention to human face recognition, the invention will be described in such environment. 
[0027] The methods of the present invention, have an efficient method of comparing a query photograph, such as a 
face of a person to be identified to one of a plurality of 3D models contained in a database. The methods of the present 
invention presupposes a particular model of reflectance, known as the Lambertian assumption. Although the invention 
55 is robust against deviations of the true details of reflectance from this model, the relevant point is that this is a functional 
relationship between the data in the query and the data in the model, i.e., there is an equation that relates the query 
and the model. The methods of the present invention can be viewed as an efficient way of measuring to what degree 
the expected form of this functional relationship holds between the query and the putative model from which it arose. 
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This measure can be generalized; for example, the statistical notion of correlation is a generalization of functional 
relation. 

[0026] Another generalization, which arose primarily in information theory, depends on the entropies of the distribu- 
tions governing the objects we want to compare. These distributions, for example, could govern the point values of 

5 different measurements in the two objects. Entropy can be regarded as a measure of uncertainty, i.e., the greater the 
entropy, the more difficult it is to predict the outcome of drawing a sample from a probability distribution. When we have 
two random variables with a joint distribution, e.g. the data values of a 30 model and of a 2D image putatjvely of that 
model, it can be determined to what extent does knowing the value of one of these random variables, say a 9- point 
patch on the 3D model, help us predict the value of the other variable, say the intensity at a corresponding pixel in the 

to 2D image. This question is quantified by taking the difference between the entropy of the marginal distribution of the 
second variable, and subtracting off the entropy of the conditional distribution of the second variable given the first. 
This yields how much our uncertainty decreased thanks to knowledge of the first variable. Th is can be summarized by: 

15 ICY;X)=H(Y)-H(XrO (1) 

where H denotes entropy, X is the first random variable, and Y Is the second random variable. This quantity, denoted 
by l(Y;X) is known as the mutual information between X and Y It is symmetric, and is also equal to 

H(X) + H<Y)-H(X,Y) (2) 

where H(X,Y) is the entropy of the joint distribution of X and Y 

[0029] Thus, the methods of the present invention can be thought of as a particular approximation to measuring the 
25 mutual information between the (distributions governing the) 3D model and the 2D query. 

[0030] In a system where a 2D photographic query is to be matched to a 3D model in a large database of such 
models by predicting the appearance of each model under the pose and lighting conditions that created the query, the 
methods of the present invention avoid the problem of solving for the light sources that produced the query image by 
using each successive 3D model as a candidate solution, and in conjunction with the query, building a histogram-like 
30 table that specifies a brightness coefficient for each surface normal which depends only on the normal. In one variation 
of the methods of the present invention, the model is then rendered in the already approximately known pose using 
these brightness coefficients, and the resulting Image is compared to the query image and an error is computed. This 
error determines a ranking of the models for the purpose of identification. In another variation, no rendering is done, 
and instead the variance of the samples in each "bucket" of the brightness vs. normal histogram-like table is computed, 
35 and this variance, possibly weighted by the number of samples is summed over all buckets to yield a quality measure, 
which is then used for identification in the same way as an error measure. 

[0031] It is assumed that there is a good, though not necessarily exact, solution for the pose of the query. However, 
it is not known which model generated the query image, and it is not known what were the lighting conditions for the 
query. 

40 [0032] The method of the present invention therefore proceeds as follows: 

a. Assume, in turn, that each mode! is the "correct" one. 

b. Using the guery image, compute a histogram-like table that associates a "brightness" coefficient with each 
normal. {For color images, three such coefficients are preferably computed, one for each color component, typically 

4s red, green , an d b I ue) . 

[0033] There are then 2 preferable variations for the method. The first is as follows: 

cl. Use the normals of the model under consideration in conjunction with the normal/brightness histogram com- 
so puted in step (b) to render a picture of the model under putatively the same lighting conditions as were present 

when the query was photographed. 

d1 . Compare the query with the rendered picture to rank the likelihood that this model is in fact the correct one. 

55 [0034] The second variation replaces the last 2 steps with these: 

c2. Having saved additional information when constructing the normal/brightness histogram, compute the variance 
of the brightness coefficients that were used to compute each bucket of the histogram. (A "bucket" is the set of 
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similar normal values that are lumped together to form a single argument value in the histogram.) 

d2. Compute the sum of the variances of the histogram buckets, weighted by the number of samples in each 
bucket. Use this sum as an error measure in ranking the models te select the correct one. 

[0035] in step (b) , solving for the lighting in the paradigm that was discussed above as step (2) is avoided. However, 
in step (d), it is stiii possible to perform the rendering that is called for In step (3) of the paradigm. In the alternate 
evaluation steps, (c2) and (c3), it is possibleto avoid rendering altogether in assessing the likelihood of a match between 
a 3D model and a 2D photograph query. 

[0036] The methods of the present invention are thus based on the observation that computing the light sources, i. 
e. the lighting, that produced the query image, is only an intermediate step in a process whose real goal, in the context 
of the overall system, is to render the identification candidate under those lighting conditions for the purposes of com- 
parison to the query, or indeed to compute the relative likelihood that the model matches the query even without doing 
such a rendering but with equivalent results. 

{0037] What is ultimately being measured is the consistency of the imputed brightness coefficients associated with 
each normal. Because the 3D model's normals and reflectance values are used in conjunction with the query's observed 
intensities, this is a measure of the error in fitting the 2D photograph query to the 3D model. 
[0038] The methods of the present invention are based on a Lambertian model of reflectance. The Lambertian as- 
sumption is that the intensity projected onto a point in a monochrome photograph of an object lit by a point source of 
lighe depends only on the following quantities; 

R, the "reflectance" at the point of the object that gives rise to the corresponding point in the picture, 

N, the "normal" to the surface at the point in question (i.e. the unique perpendicular direction to the surface at that 
point), 

L, a unit vector representing the direction from the point to the light, and 

b, the intensity of the light source at the point. 

[0039] In particular, the observed intensity in the picture does not depend on the viewpoint, but only on the intrinsic 
properties of the object, and the lighting direction and intensity. 
[0040] The observed image intensity is described by the equation: 

I - R b L * N (3) 

where i is the image intensity at the image point in question, and * is the usual vector dot product. 

[0041] If the quantities R, b, L, and N are given at each point, then in order to make a rendering from a 3D model, 

one need only perform the multiplications in equation 3. Also, it must be determined which portions of the model will 

be visible; however, that can be performed adequately by existing computer graphics techniques. 

[0042] The situation in the model identification problem being solved Is that R and N are known for each model, I is 

known from the query, and b and L are unknown. One approach, involving step (2) in the paradigm discussed above, 

is to solve for b and L, and then perform the multiplication in equation 3. 

[0043] The approach of the methods of the present invention is to attempt to solve only for the composite quantity 
bL * N, and then (in the first variation mentioned above) perform the multiplication in equation 3. 
[0044] At each point, equation 3 is divided to give 

b L * N = l/R (4) 

call this quantity B(N), a brightness coefficient. 
[0045] After rendering, equation 3 becomes 

= B(N) R (5) 
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[0046] if this were done at just one point, this is a triviality, and we would simply get back the query's T that we started 
with. However, in general, for every normal that occurs in the model, there will be many other points with the same or 
nearly the same normal. If all the B values that we get are averaged whenever the same normal occurs, and equation 
5 is used to render a picture from the model, we will get oniy an approximation to the T in the query. If the different 

s values that were averaged to obtain B(N) for a given N were different due to small variations in material properties, 
measurement error, nonlinearities, etc., but the query did in truth match the model, then it can be expected that the 
average represented by B(N) would be a good approximation to. the number needed for equation 5 to give a good 
approximation to the observed query intensity. However, when the query does not in truth match the model, because 
the values of N that are being used come from the model, while the intensities, I, come from the query, it can be 

10 expected that the correlation among B(N) values will be poor, and the average, when inserted Into equation 5 for 
rendering, is unlikely to give a result which is close to the value in the query. In that case the rendering will be found 
to have a larger error from the query than in the case where the query in truth did match the model. 
[0047] B is a function which takes a surface normal vector to a number, i.e., B: S 2 -> R where S 2 is the so-called 
Gaussian sphere, which is the space (or manifold) of all possible normal directions to a surface embedded in 3 dimen- 

15 sional space. The 2 denotes the fact that this sphere is 2-dimensional, like the surface of a common ball. For this 
reason, the method of the present invention is referred to as the "lightsphere" method, since it attempts to find a 
brightness function defined on the Gaussian sphere. 

[0048] So far, the situation has been presented with a single point light source and a monochrome picture. To gen- 
eralize from monochrome to color, the monochrome case is done 3 times, once for each color component. 

20 [0049] Generalizing the lighting, other than its color, Is not as simple. In general the lighting can be, and usually is, 
much more complex than a simple point source. Any point of the surface can have light impinging on itfrom all directions, 
in the hemisphere visible to it, and this lighting can vary from point to point. At each point, the lighting is also a function 
on the Gaussian sphere, prescribing the intensity of light coming from the direction represented by that point on the 
Gaussian sphere, in general, this function can vary from point to point throughout space, and therefore can vary on 

2S the surface we are imaging. If the further assumption is made that all the lights are infinitely far away, then the lighting 
function does not vary from pointto point, and the global lighting can bethought of as a function on the Gaussian sphere. 
[0050] To generalize equation 3 to this situation, we simply Integrate over the Gaussian sphere, or approximate the 
integration by a summation. There is a small complication in that a nonlinearity is introduced because only the lights 
with a direction that result in a positive dot product with N make a contribution; there is no negative brightness from 

30 lights behind the surface. However, this does not disturb the key point, which Is that the new lighting equation, which 
is now something of the form 

URf(N) (6) 

35 

still uses the exact same light distribution whenever the same normal is encountered, and therefore the computation 
of equation 4 and the rendering of equation 5 are just as valid as with a single point source. It should be noted that for 
both equation 3 and equation 8 to be independent of position and depend only on normal, it is assumed that there are 
no "cast shadows" . Cast shadows are shadows that are caused by non-locai interactions, such as when the nose casts 
40 a shadow onto the cheek; these are distinguished from "attached shadows which occur as the object smoothly curves 
away from the light source, as occurs when only the lit part of the moon is visible at night. The methods of the present 
invention neglect the effect of cast shadows. 

[0051] In fact, with more complex lighting, when we are attempting to match a wrong model, the fact that different 
light sources will come into play In the query, for the same normals on the model, wilt result in an even larger error 
45 when matching the wrong model, with no similar increase in error when matching the correct model. Hence, this lighting 
nonlinearity actually enhances the effectiveness of the invention. 

[0052] A similar observation applies with regard to specularities. The location of specularities in an image violates 
the Lambertian assumption of equation 3 in two important ways: 

so 1 . The location of the specularity depends on the camera viewpoint; and 

2. The brightness of the specularity does not vary linearly with either the lighting vector or the normal vector. 

[0053] These problems make it difficult to incorporate specularity into any system which must solve for light sources, 
55 though it is by no means impossible. Consequently, specularities often lead to increased error. 

[0054] However, if we continue to assume that the light sources are at infinity, and there are no cast shadows, then 
even in the presence of specular reflection, equation 6 still applies approximately. More specifically, the new equation is 
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l = Rf(N) + Sg(N) (7) 

where S g(N) represents the specular component of the reflected light. S is the shininess of a particular point of the 
5 surface, in analogy to R, while g(N) captures the intensity variation as a function of the normal. 
[0055] When we apply the lightsphere calculation of equation 4 to equation 7 we get 

l/R = f (N)+Sg(N)/R (8) 

10 

[0056] However, if this is to be B(N), a problem arises because R and S depend on the position on the surface, and 
not on the normal. This means that the quality of the rendering that can be achieved with the B(N) that can be computed 
as the average of the above values t/R will depend on the degree of variation of R and S at the normals involved. 
Nevertheless, the rendering will approximate some specular component where it exists, and will therefore be closer 

15 to the exactly correct rendering than one based simply on rendering from computed lights with a Lambertian rendering 
equation, of course, with another method, one can compute the lights based on some nonlinear model that includes 
specularity, and render with that model . However, In the methods of the present invention, this Is achieved at no increase 
in complexity; with other methods, the specular reflectance equation would have to be explicitly modeled, with a con- 
comitant increase in complexity and computational cost. 

20 [0057] Conversely, when the wrong model Is rendered for the query, because specularities tend to have quite bright 
components, wildly inappropriate values for B(N) are expected when there are specularities. This leads to proportion- 
ately greater error added to the wrong model's ranking than to the right one's. Hence, specularity in the query can 
actually enhance the effectiveness of the invention. 

[0058] We note that the measures corresponding to the two variations of the methods of the present invention are 

25 closely related. The two measures are, respectively, (1) error between rendered image and query, and (2) weighted 
variance of lightsphere coefficient values within each bin. Each coefficient that entered into the variance computation 
arose from a point In the query. When that point Is rendered with the average lightsphere coefficient for its normal's 
bin, the error will be proportional (via the reflectance) to the difference between the average coefficient being used in 
the rendering and the exact coefficient that was used in computing the average. Were it notfor the reflectance multiplier, 

30 when summing over the points that fall into the bin, the sum of the squares of the one set of errors is the same as the 
sum of squares of the differences, and the latter is exactly the variance of the bin weighted by the number of samples. 
Thus, the two measures differ only by a weighting factor of reflectance in the error sums. It Is to be noted that by error 
between images, it is meant RMS (root mean square) error, or equivalently, SSD (sum of squared differences). Other 
error measures, are possible, as well. 

35 [0059] The invention is intended as a component in a larger system whose function is to store numerous 3D models 
of objects, and upon presentation of a query image to provide the most likely stored model corresponding to the query. 
A schematic illustration of such a system is presented in Fig. 1 . Asynchronously, and over arbitrary lengths of time, 
the system is presented with 3D objects 10, typically human heads and preferably human faces, which it scans and 
digitizes with a scanning device 20, at the same time capturing the reflected light image at ail included 3D data points. 

40 A reflectance estimation module 30 computes a reflectance function for the 3D object 10. This information is then 
stored in a database 40. This storage can include information about surface normals, or surface normals can be com- 
puted as needed at later stages when the data is to be used. 

[0060] At an arbitrary time, a query photograph 50 is presented to the system for identification. A lightsphere 60 is 
used to compare the 2D query 50 to each of the stored 3D models 10 and to select a best match 70. Not shown is a 
45 separate module which computes the pose for a given query and model, possibly based on other stored data. This 
pose information is needed by the lightsphere module 60. 

[0061] Fig. 2 illustrates the lightsphere module 60 or Fig. 1 in greater detail. The query image 50 is presented for 
identification. The lightsphere module 60 has a sub module 140 which sequentially considers one model 10 at a time 
for similarity to the query image 50. To do this it obtains the next model 50 from the database 40, and obtains from a 

so pose module 120 the pose solution for that model 10 and query image 50. This is needed to establish the putative 
corresponding points of the query image 50 and the model 1 0. The pose solution operation may have been done earlier 
for all models 10 with this query image 50, or it may be done upon demand by the lightsphere module 60. 
[0062] The main loop of the lightsphere module 60 iterates over the image 50 by means of sub module 150. Using 
the correspondence from the pose module 120, at each point of the image 50, it retrieves the reflectance R from the 

55 model 10, and uses the intensity in the image 50 at that point, I, to compute the brightness coefficient l/R. It then 
retrieves the surface normal N of the model corresponding to that point, and uses it to determine where in the lightsphere 
data structure 1 60 to Insert the brightness coefficient l/R. This insertion may consist of a simple summation, or a record 
of the values inserted, depending on which variation of the algorithm is performed in the final step. The first variation 
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of the final step consists of a module 170 for making a rendering of the model using the information stored as a sum 
in the lightsphere data structure 1 60. The sum is preferably converted to an average. This rendering is then compared 
to the query image 50, and the RMS error is computed for significant points as described above. This error is saved 
as an error measure for that model. Alternatively, in the second variation of the final step, the model 10 and query 
image 50 are not referred to again, but rather the record of entries in the lightsphere data structure 160 is used in a 
module 1 80 to compute the variance in each bin, and a weighted sum of these variances is used to derive an error 
measure. This error measure is then saved as the error for that model. Finally, the model 70 with the best error measure 
is selected and output as the best match to the query image 50. 

[0063] The operations on the lightsphere data structure are presented in more detail in Fig. 3. The data structure 
itself 160 consists of a set of bins 200 that tesselate a hemisphere of the Gaussian sphere. Every surface normal 210 
of a point visible to the camera lies within one of these bins 200, since points with normals on the other hemisphere 
are not visible. As the method iterates through the query image 50, it computes l/R (2) which under the Lambertian 
model we expect to be the same as fa L * N (2). The value of N (220) that is known for this point from the model 10 is 
the value used to choose the correct bin 200 of the data structure 160, and the value l/R is then inserted (230) into 
this bin 200, either by summing, or recording the values inserted into the bin 200, depending on which variation of the 
methods of the present invention is being used. 

[0064] Although the model evaluation process has been presented as a sequential one, where only one model is 
being evaluated at any time, as discussed above, it is possible to divide attention among numerous models using 
partial solutions so chat the cost of fully evaluating a model is only expended if the model continues to have a low error 
in competition with other models. 

[0065] Also, prior to the final error ranking process, lightsphere results for one model do not require results for any 
other model. Consequently, the overall process trivially admits of massive parallellzatlon, with a proportional increase 
in overall speed. 

[0066] The lightsphere module 60 will now be described in greater detail. The lightsphere module 60 can be divided 
into two stages: 

1 . Preprocessing steps that: 

a. Compute the pose of the model that best accounts for the query. 

b. Generate a registered map of the surface normals of the model corresponding to points on the query. 

c. Generate a registered image of the model's reflectance corresponding to points on the query. 

2. Using the information provided in stage 1 , in conjunction with the query image, to compute the lightness coef- 
ficients on the Gaussian sphere. 

[0067] In stage 1 , the pose is computed by any of numerous methods of the art which can be used for this purpose. 
Generating the registered maps of normals and reflectance is done by standard and well-known computer graphics 
methods. Note that computing the reflectance that Is associated with the 3D model is not a simple procedure, but since 
such procedures are known in the art, a description of its computation is omitted. One such method for computing the 
reflectance associated with the 3D model is to simply use images taken under flat lighting conditions. 
[0068] The input to the preprocessing stage consists of a query image Q, a candidate 3D model M, and a camera 
model K. The output of the preprocessing stage comprises a pose T, a registered reflectance image R, and a registered 
normal map N. The input to the lightsphere module consists of the query image Q, the registered reflectance image 
R, and the registered normal map N. The output of the lightsphere module comprises a normal-lightness table B, and 
an error measure E. 

[0069] These inputs and outputs will now be precisely explained, as will exactly how to compute the lightsphere 

output. Note that the definitions being used in this section differ slightly from the definitions used above. 

[0070] For simplicity, only a monochrome image is considered. For a color image, the process to be described below 

is repeated separately for each color component, e.g., red, green, and blue. 

[0071] The query image Q is considered to be a function defined on the real plane, i.e., 

Q: R 2 R + (9) 
[0072] This notation means that Q is a map from the 2-dimensional real Euclidean plane to the nonnegative real 
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numbers. It is assumed that Q only takes nonzero values, or is only defined, in some finite rectangle of the plane, in 
actual fact, Q is sampled at only a finite discrete grid of points, so that it takes values at only integer coordinate values. 
Note that Q is a function, while the notation Q(p), where p is a point !n R 2 , denotes the real number to which Q maps 
the point p. 

[0073] The 3D model M consists of several subparts. These include a set of n points 

{p,M = (1.2 n)} (10) 

in R 3 which are the locations of sample points on the model, and a corresponding set of n real numbers r, which 
represent the surface reflectance at each corresponding pj. 
[0074] The camera model K is a perspective projection .I.e., 

K:R 3 -^R 2 (11) 

where, after some change of coordinate systems by rigid motion, 

K(x,y,z) = a*(x,y)yz 1 (12) 

for some positive real number a. The change of coordinates is part of the camera model. There are many other ways 
to formulate the definition of perspective projection; this one is equivalent, and the exact formulation is not important. . 
For the purposes of the lightsphere computation, distortion effects of the camera are not considered, and the camera 
model is fixed. Variations where more Information about the camera is used are obvious, Note that this definition allows 
for some amount of perspective distortion, depending on the values of the camera model K and the position of the 3D 
model in space. However, to the degree that the true camera and subject location for the query lead to more or less 
perspective distortion, this difference is not compensated for in what is described below, although a more detailed 
camera model could accomplish this. 

[0075] The pose T is the rigid motion in R 3 which, when applied to the model M, after projection through the camera 
model K, brings the image of the model M into the best registration with the query Q. 
[0076] i.e., the pose T tries to satisfy the following equation: 

K(T(p,)) = q, (13) 

where p, is a point of the 3D model, and q| is the corresponding point of the query image, simultaneously for some set 
of points pj and q ( . 

[0077] The registered reflectance image R is a map 

R; R 2 _j. R + (14) 

(Note that the first R is a different R than the 2nd and 3 rd .) sampled on the same grid as the query image Q, such that 

R(KfT(P i ))) = r l (15) 

[0078] In other words, R tells us, given a point in the query image Q, what the reflectance is of the point in the model 
that projects to that point in the query given the pose and camera model. Note that several points on the model might 
project to a single point in the query; i.e. the computer graphics technique of hidden surface elimination is necessary 
to find the unique R that corresponds to the surfaces of the model that are actually visible under the assumed pose 
and camera model. Numerous well-known computer graphics techniques exist that can accomplish this. Both propri- 
etary and freely available packages have ben used to do this computation with equal success. 
[0079] The surface normal n, to a point p, of the 3D model M is a unit vector in R 3 which represents the direction at 
right angles to the surface of M at p,. Computing n, requires knowing some nearby points of M, i.e. nearby on the surface 
that M represents. In our apparatus, this is known in advance because the data in M comes from a system that essen- 
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tially produces a raster scan. In addition, there are standard computer graphics techniques that allow putting a less 
ordered set of points into a form where such neighboring points are known, for example, by the process known as 
triangularization of the surface. If p has the neighbors q and s. then the unit normal at p can be computed by 

v=(p-q)X(p-s) (16) 

2 



n = v/llvll (17) 
where X is the vector cross-product, and llvll is the norm of v. 

[0080] In practice, it is often better to consider several neighbors of p, e.g. in a grid, the 8 or 4 neighbors, and take 

the average of the values thus computed. 

[0081 J Because n is a vector in R 3 it can be written as 

n = {n x> n y) n 2 ) (18) 

where the three components are the components of n in the x, y, and z directions, respectively. However, the require- 
ment that n be a unit vector imposes the constraint that 

1 = || n II 2 = n 2 x n 2 y + n 2 2 (19) 

[0082] This can be viewed as the equation of a 2-sphere, i.e., the surface of a ball in 3-space. Geometrically, if n is 
considered to be anchored at the origin, as n varies among all possible values for a unit vector, its tip varies over the 
surface of the unit sphere. Therefore each n can be identified with these tip positions, i.e. with the points of the 2-sphere. 
The 2-sphere is commonly denoted by S 2 . 

[0083] When this identification is made between the unit normals of a surface and the 2-sphere in differential geom- 
etry, the sphere is commonly referred to as the "Gaussian sphere", and the map which maps each point of the surface 
to its normal is known as the "Gauss map". 

[0084] With this in mind, the registered normal map can be defined as a map 

N: R 2 -> S 2 (20) 

which takes each point in the query image Q, to the surface normal at the point of the 3D model M which projects to 
that point of Q under the pose T and camera model K. I.e., N is defined to satisfy 

N(K<T(Pi»)-n, (21) 

in analogy to the similar equation (15) for the registered reflectance, where now n, is the normal calculated in the 
preprocessing stage at the point p, . 

[0085] N, again, is calculated only at the grid points associated with the grid points of Q. The calculation of N, tike 
the calculation of R, requires hidden surface removal to guarantee that only the value of n for the visible surface is 
used. Again, this is most easily done by using existing standard computer graphics techniques. One can take advantage 
of existing graphics interfaces to do this by allowing the graphics engine to compute renderings with 6 different tight 
sources: one for each combination of positive and negative coordinate direction, i.e., lights coming from +-x, +-y, +-z. 
With a Lambertian rendering model in the graphics engine, these will yield the positive and negative components of 
the normal vector at each point. This also allows the use of the graphics engine's techniques for interpolation, which 
helps considerably in the performance of the algorithm. 

[0086] The lightsphere algorithm calculates a normal-lightness table B from the query Q, the registered reflectance 
image R, and the registered normal map N. 

[0087] Before we define and describe how to compute B, consider first the map 
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A: S Z -» R + (22) 

given by 

A(n)=Q(q)/R(q) (23) 

when N(q) = n. 

[0088] For notational compactness, define 

D: R 2 -* R + (24) 

by 

D(q) = Q(qyR(q) (25) 

(Elsewhere this is referred to as l/R.) 

[00891 We would like A to be defined by A(n) = D(N' 1 (n)). However, there may be many points where the normal is 
n, so that N" 1 (n) is not a single point, but a set of points. To estimate A, it is desirable to take the average of D on this 
set of points. I.e., suppose that 

P{n) = {p I N(p) = n} (26) 
is the set of points in the query that map to the normal n. Our goal is to define A by 

A(n) = - D(p) (27) 

#(P(n)) 

P(n) 

where #(P(n)) is the number of points in the set P(n) (or the measure of the set, in the continuous case). This is a well- 
defined quantity. 

[0090] However, this is not adequate when a discrete grid, in this case the discrete grid of the query image is being 
operated on. The problem is that the normals are derived from the 3D model, and in general the values to which they 
have been discretized depend only on the accuracy of the 3D model data and the method whereby the normals were 
computed. In particular, they will generally be discretized to such a fine degree that it is unlikely that any two of the 
discretized points q ( of the query will map to the same normal n, and therefore almost every A(n) will arise from only 
a single sample, in that case, the lightsphere calculation, when used to render an image from the model will be trivial, 
i.e., it will result in exactly the query image value, since we will simply be computing the quantity 

l(p) = A(N(p)) R(p) = D(p) R(p) = Q(pVR(p) R(p) = Q(p) (28) 

[0091] Therefore, it is essential that a way be devised that in general, several values will be averaged to obtain A 
(n). Away to do this is to discretizethe Gaussian sphere into a small enough number of bins (or buckets) that a sufficient 
number of buckets contain more than one sample. There are numerous ways to discretizethe 2-sphere. For example, 
on can take an icosahedron centered at the same point as the sphere and radially project the icosahedron to the sphere. 
This give a partition, or tese nation, of the sphere. However, for our purposes it has been found that it works well to use 
an extremely simple method of discretizing the sphere, which can now be described. 
[0092] We start with a unit normal vector 
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n » (n x , n yi n z ) (29) 

[0093] In the methods of the present invention, surface normals that point away from the camera are not of interest, 
because the camera cannot see any surface point that has such a normal. By "point away from the camera", ft is meant 
chat if v is a vector that points in the direction of the camera perspective projection center from the point p on the 
surface, and n is the outward pointing normal at the point p, then if n * v < 0, where * is the vector dot product, we say 
that n is pointing away from the camera. Thus only normals n on half of the Gaussian sphere are of interest, the half 
where the above inequality does not hold. Let us for the moment use a coordinate system where the camera axis lies 
along the z axis and the camera is in the positive z direction from the subject. Then the set of all surface normals we 
are interested in is exactly those where n z > 0. This can be thought of as a hemispheric cap lying on the x-y plane. 
[0094] Now our goal is to discretize this hemispheric cap based on the values n x , riy, n z . The easiest way to do this 
is to ignore the z component altogether, and consider only the projection of the hemispheric cap onto the x-y plane, 
which is a circular disk. We will discretize this disk, and define the discretization of the hemisphere by the projection 
back up along z from the plane to the hemisphere. To discretize this disk, the unit disk in the plane, we will simply 
discretize the unit square in the plane, and restrict It to the disk. To simplify the next discussion, consider the unit square 
to be the part of the plane given by 

0sx<1and0Sy<1. (30) 

(Since the values of the unit normal components vary from -1 to +1 , this involves a scale and shift; in an actual program, 
one would probably not bother to do this). 

[0095] The way to do this is as follows. We wiil discretize so that there are m bins, i.e., into anmxm square tesselation. 
Divide the unit square into m 2 subsquares Sy, i,j = 1 , 2, m, as follows. A point p of the unit square is in subsquare Sg if 

(M)/m=S Px <i/m (31) 

and 

(j-1)/m =i p y < j/m (32) 
where p x is the x coordinate of p and py the y coordinate. 

[0096] Then considering each subsq uare Sjj a "bin" or "bucket" , we say that p falls into the (i,j)th bucket if the above 
conditions (30) and (31) are satisfied. 

[0097] Using this definition, a unique bucket (i,j) can be defined for each unit normal n as follows. First, because a 
shift and scale was done, define 

n' »[n + (1,1,0)]/2 (33) 

[0098] This moves and shrinks the hemisphere to lie over the unit square as it was defined above. (This is only 
necessary because simple notation is desirable; this entire analysts is identical with a square that goes from -1 to +1 
in x and y.) 

[0099] Now just compute i and j according to (30) and (31 ), using n' x in place of p x and n' y in place of p y , n r is simply 
ignored, which has the effect of projecting the square up to the hemisphere. These (i j) coordinates define the bins for 
the basic lightsphere procedure. Note that these are not of uniform size on the Gaussian sphere; however, this is not 
very significant in practice, as they are uniform in the query image. 

[0100] Now the algorithm can proceed by systematically iterating through the points of the query image. First, it must 
keep 2 items of data for each bin: a running sum, and a count of the number of samples used thus far in the sum. 
(Since the count is used to compute an average, an updating method could be used to maintain only a single number 
for each bin, but this is not worth the bother since the table is small.) Then as the algorithm iterates through the query 
image Q, at each point p it refers to the reflectance image R and the normal map N. It computes the value of D(p) = 
Q(p)/R(p) and adds this value to the (i,j)th bin where are computed according to (30) and (31) from the value of 
the normal N(p). (With the understanding that by this it is meant that the same scale and-shift operation that gave n' 
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above is taken into account, here and in what follows.) Also it increments the count for the (i,j)th bin . Once it has finished 
iterating through the query image, it divides the sum at each bin by the count at that bin to arrive at an average. This 
results in a table of numbers B{i,j) that are the B(n) mentioned above, the lightness table. 

[01 01] In practice, as explained above, additional criteria are used to decide whether to include a particular query 
image point in the above computation. For example, image points that are too bright or too dark are excluded. 
[0102] So far the methods of the present invention have been explained for the variation where the error between a 
rendered image of the model and the query image as our quality criterion is used. 

[01 OS] To render an image using the lightsphere data structure B(i,j) the algorithm proceeds as follows. It iterates 
through the registered reflectance image R. At each point p of R, it looks up the normal N(p) in the registered normal 
map N, Using the value of N(p) thus retrieved, it computes the corresponding lightsphere bin (i j) using (30) and (31), 
and retrieves the value B (ij). It then computes 

l(p) = R(p)B(i,i) (34) 

and sets the brightness value of the rendered image I to that value, after clipping to avoid values larger than the 
maximum brightness. 

[0104] Actually, there is an additional step before the last computation is done. Because there are a very small 
number of bins compared to the number of actual normal values, using the value B(IJ) directly as above results in 
considerable artifact due to the coarse digitization of the bins. Therefore, instead an interpolated value B'{p) is used. 
The interpolation is based on the value of the normal N(p). Since we know where N(p) falls in the square defined by 
the (i ,j)th bin, we simply use bilinear interpolation with the adjacent values of B(i,j) to arrive at the interpolated B'(p), 
which is then used to compute 

l(p)=,R(p)B'(p). (35) 

[0105] The error E is then computed as the sum of square differences or root mean square error between the query 
image Q and the rendered synthetic image I, which are already registered by virtue of the method of construction of I. 
[0106] Now we return to the variations of the algorithm that use the variances of the lightsphere. This proceeds 
identically to what was described above, except that the data that is associated with each bin is slightly more complex. 
Rather than keep a running sum and a count for each bin, Instead for each bin a list Es kept of all the D(p) values that 
fell into that bin. When the iteration is completed, the mean and variance of the list of values in each bin is computed 
for that bin. The mean is identical to B(i,j) defined above. In addition, we also now have the variances V(ij). 
[0107] In the first variation using variances, the error E is defined as the sum of these variances, i.e., 

E * ^ V(i,j) (36) 
i, j 

[0108] In the second such variation, we want to weight this sum by the counts, which will be more similar to the sum 
of square differences between the rendered and query images used earlier. 

[0109] Call the counts that were kept in the accumulation process C(i,j). Then in this variation, the error measure is 
given by 

E = ^ C(i.j) V<i,j) (37) 
i. j 

[01 1 0] It should be noted that although a few very specific methods to accomplish the lightsphere computation have 
been presented, there are other formulas and algorithms that could be used for the various components and for the 
errorterm. These equations and explanations are merely the description of one possible way to achieve an embodiment 
of the invention, and many other ways are possible with simple modifications and/or additions. 
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EXAMPLE 

[011 1] The methods of the present invention have been actually reduced to practice in both the C and C++ program- 
ming languages and tested on a pilot database containing 37 3D models, and actual queries consisting of 37 subjects 
s in all combinations of 7 poses and 6 lighting conditions. 

[0112] Several additional techniques can be utilized to optimize the performance of the methods of the present in- 
vention which have been actually reduced to practice. 

1 . It has been found that a grid of 32x32 bins for the lightsphere histogram works well for images and models with 
10 a resolution of 640x640. 24x24 bins also works well. The number of bins imposes a tradeoff between accuracy in 

the brightness coefficient ~ the accuracy increases as there are more bins, since a smaller range of normals is 
used In the averaging - and statistical significance of the average, which improves as the number of bins is de- 
creased, since a greater number of normals then fall into each bin. Thus, the methods of the present invention 
can be further improved by estimating the magnitude of these effects upon seeing the data and choosing an ap- 
15 propriate number of bins. 

2. It is possible to use a tesselatlon of the Gaussian sphere for the bins. This improves the performance at the 
expense of a slightly greater cost in computing the lightsphere histogram and rendering from it. Furthermore, it 
has been found that projecting a tesselatlon of the unit disk onto the Gaussian sphere, i.e. using only x and y 

so values, not z, for determining the bins, Is quite effective, despite the sampling Inequities it introduces. 

3. Because the histogram bins are quite coarse relative to the image and model resolutions, it has been found that 
bilinear interpolation of the lightsphere values when doing rendering greatly improves both appearance and accu- 
racy. 

25 

A. For a Lambertian object, the dot product in the integral which gives the image intensity reduces to a cosine 
between normal and light directions. The resulting image intensity as a function of normal Is essentially a convo- 
lution of this cosine with the light intensity distribution. This amounts to a low pass filter operation in the absence 
of cast shadow. Thus, in a system which solves for lighting and then does rendering, there would be enforced a 

30 smoothness upon the brightnesses as a function of normal by virtue of this convolution, in the methods of the 

present invention, the lightsphere computation does not contain such a mechanism to enforce smoothness. Con- 
sequently, the lightsphere data can contain variations with high frequency components that result from multiple 
sources, such as departure from Lambertian, reflectance errors, etc. Therefore, It has been found useful to do a 
small amount of smoothing on the lightsphere histogram. This can be done by a convolution with a simple small 

35 box function. This significantly improves the rendering and the performance of the method. 

5. When using equation 4 to compute the lightsphere data structure, points with very low reflectance can contribute 
enormous numbers when the division Is performed. Such points lead to meaningless results. To avoid this problem, 
a minimum threshold is used which the reflectance must exceed before it can enter into the computation. This 

40 threshold is currently set ad hoc; however, it could also be computed based on inspecting the reflectance histogram, 

and stored once and for all with each model. Since the computation of this threshold can be performed at the time 
the model Is added to the database, arbitrarily sophisticated methods could be used to compute it. As an extreme 
example, it could be set to provide optimum differentiation from other models in the database, based on synthetic 
renderings of numerous models. 

45 

6. Extreme specular ities tend to be associated with points, such as areas in the eye, where the range data is 
unreliable. In addition, such points tend to saturate the intensity scale. Therefore it is preferable to impose a max- 
imum threshold which intensity values must not exceed in order to be included in the lightsphere computation. 
Similarly, extremely dark areas of the query are strongly associated either with areas in cast shadow, or areas 

so where reflectance computations mean little (such as hair). Both of these are sources of error for use, thus, a 

minimum threshold on intensity is also used in the query. 

[01 1 3] Those of skill in the art will appreciate that the methods of the present invention yield an identification of the 
object without the need for solving for light sources or other complex and costly computations such as eigenvector 
55 determination. Thus, the methods of the present invention result in the following advantages over prior art methods: 

1 . A primary advantage over prior art methods is an enormous savings in computational cost. This savings can 
make the difference between practicality and impracticality in a complete system. For example, the methods of 
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the prior art which use mutual information, while more general and perhaps more effective in principle, are prohib- 
itively expensive for an application requiring a large number of comparisons with models. 

2. The methods of the present invention are simpler than the prior art methods. The methods of the present invention 
5 required mainly the single process of building a histogram-like data structure, which is little more than visiting each 

point of the model, extracting the pre-stored normal and reflectance, and performing a few arithmetic steps tc 
update the histogram (while the data structure is referred to as a histogram, it is really a slight generalization). By 
comparison, other methods require iterative algorithms that take one to two orders of magnitude more computer 
time on the size of problems involved. For example, one prior art method involves use of the so-called Nonnegative 
10 Least Squares algorithm, which is a complex iterative algorithm. Similarly, other approaches of the prior art require 

computing so-called Principal Components. These computations require finding an eigenvector decomposition, 
and again require complex iterative algorithms. While these more complex algorithms are well-known and under- 
stood, they are nevertheless vastly more complex than the methods of the present invention. 

is 3. The methods of the present invention are more robust than other methods. Methods of the prior art typically 

depend on finding the solution to a system of linear equations under constraints, or in solving for linear invariants 
such as eigenvectors. It is often hard to predict how the stability of these methods depends on the data and as- 
sumptions. Due to the straightforward nature of the methods of the present invention, unstable solutions are easily 
avoided. 

20 

4. The methods of the present invention are amenable to use in a system where partial solutions can be used. For 
example, in considering a large number of candidate models for identification, many models can be discarded as 
soon as the error is known to be sufficiently large. Using the methods of the present invention, it is possible to 
interrupt computation of the error or quality term at numerous stages, and resume it only if needed at later stages. 

25 in the methods of the prior art, It Is difficult or impossible to do this without incurring the full cost of the most 

expensive part of the method. 

5. The methods of the present invention are adaptable to unknown models of reflectance. Because light sources 
need not becomputed, only the effect of lighting on the material being imaged is measured and assumed consistent. 

30 Even with specularities (shininess), the methods of the present invention allow for good results over a reasonable 

range of material properties. 

6. The methods of the present invention are robust against errors in capturing reflectance, particularly if lighting 
effects are present in the captured reflectance data. 

35 

[01 14] Since the methods of the present invention are extremely fast and do not require a great amount of compu- 
tational effort, they may also be used in a system to winnow the candidate models that will be examined by more costly 
(and slower) methods by a factor of 1 0-100. These other methods are capable of a more precise Identification, but are 
too costly for a very large database of candidate models. 
40 [0115] While there has been shown and described what is considered to be preferred embodiments of the invention, 
it will, of course, be understood that various modifications and changes in form or detail could readily be made without 
departing from the spirit of the invention. It is therefore intended that the invention be not limited to the exact forms 
described and illustrated, but should be constructed to cover all modifications that may fall within the scope of the 
appended claims. 

45 

Claims 

1 . A method for matching a two dimensional image to one of a plurality of three dimensional candidate models, the 
so method comprising the steps of: 

determining the position and orientation of the two dimensional image; 

for each three dimensional candidate model, computing a histogram-like table having a computed brightness 
55 coefficient for each surface normal of the three dimensional candidate model based on the corresponding 

value in the two dimensional image, each brightness coefficient depending only on the corresponding surface 
normal; 
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successively rendering each three dimensional candidate model in the determined position and orientation 
using the surface normals in conjunction with the corresponding computed brightness histogram -like table; and 

comparing the two dimensional image with each of the rendered three dimensional candidate models. 

2. The method of claim 1 , further comprising the steps of determining if the two dimensional image matches one of 
the plurality of three dimensional models rf the comparison between the two dimensional image and the rendered 
three dimensional model is within a predetermined allowable error. 

3. The method of claim 1 , wherein the comparison step results in a ranking for each of the rendered three dimensional 
models which indicates the likelihood thatthe corresponding three dimensional model matches the two dimensional 
image. 

4. The method of claim 3, further comprising the step of choosing the three dimensional model corresponding to the 
rendered three dimensional model having the highest ranking as the three dimensional model which matches the 
two dimensional image. 

5. The method of claim 1 , wherein the comparing step is done simultaneously with the rendering step for each ren- 
dered three dimensional model. 

6. The method of claim 1, further comprising the step of smoothing the lightsphere histogram-like table to improve 
the rendering of each three dimensional model and the performance of the method. 

7. The method of claim 6 , wherein the smoothing step is done by a convolution with a small box function or other 
small smoothing kernel. 

8. A method for matching a two dimensional image to one of a plurality of three dimensional candidate models, the 
method comprising the steps of: 

determining the position and orientation of the two dimensional image; 

for each three dimensional candidate model, computing a histogram-like table having a computed brightness 
coefficient for each surface normal of the three dimensional candidate model based on the corresponding 
value in the two dimensional image, each brightness coefficient depending only on the corresponding surface 
normal; 

computing the variance of the brightness coefficients that are used to create each bucket of the histogram- 
like table, a bucket being a set of similar normal values that are lumped together to form a single argument 
value in the histogram-like table; 

computing the sum of the variances of the histogram-like table buckets; and 

ranking the three dimensional candidate models using its computed sum as an error function, the ranking 
indicating the likelihood that the corresponding three dimensional model matches the two dimensional image. 

9. The method of claim 8, further comprising the step of choosing the three dimensional model corresponding to the 
three dimensional model having the highest ranking as the three dimensional model which matches the two di- 
mensional image. 

10. The method of claim 1 or 8. further comprising the step of reading the three dimensional models from a database 
containing the plurality of three dimensional models. 

1 1 . The method of claim 1 or 8. wherein the computing step sets a minimum threshold of reflectance to be used in the 
computation of the histogram-like table. 

12. The method of claim 1 or 8. wherein the computing step sets a minimum and/or maximum threshold of intensity 
to be used in the computation of the histogram- like table. 
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13. The method of claim 1 or 8. wherein the two dimensional image is a color image and wherein the a brightness 
coefficient is computed for each color component of the color image. 

14. The method of claim 8, wherein the sum of the variances are weighted by the number of samples in each bucket. 

5 

15. A method for matching a two dimensional image to one of a plurality of three dimensional candidate models, the 
method comprising the steps of: 

determining the position and orientation of an object giving rise to the two dimensional image; 

10 

computing a representation of lighting effects that allows the lighting that gave rise to the two dimensional 
image to be used to render a realistic image of a three dimensional candidate model; 

successively rendering each three dimensional candidate model in the determined position and orientation 
15 using the surface normals in conjunction with the corresponding computed representation of lighting effects; 

and 

comparing the two dimensional image with each of the rendered three dimensional candidate models. 

so 16. A method for matching a two dimensional image to one of a plurality of three dimensional candidate models, the 
method comprising the steps of: 

determining the position and orientation of an object giving rise to the two dimensional image; 

25 computing a representation of lighting effects based on the plurality of three dimensional candidate models 

and the two dimensional image that allows evaluation of the likelihood that a particular three dimensional 
candidate model gave rise to a particular two dimensional image; and 

choosing the most likely three dimensional candidate model to have generated the query based on the com- 
30 puted representation of lighting effects. 

17. A computer program product embodied in a computer-readable medium for matching a two dimensional image to 
one of a plurality of three dimensional candidate models stored in a database, the computer program product 
comprising: 

35 

computer readable program code means for determining the position and orientation of the two dimensional 
image; 

computer readable program code means for computing a histogram-like table each three dimensional candi- 
40 date model, having a computed brightness coefficient for each surface normal of the three dimensional can- 

didate model based on the corresponding value in the two dimensional image, each brightness coefficient 
depending only on the corresponding surface normal; 

computer readable program code means for successively rendering each three dimensional candidate model 
45 in the determined position and orientation using the surface normals in conjunction with the corresponding 

computed brightness histogram-like table; and 

computer readable program code means for comparing the two dimensional image with each of the rendered 
three dimensional candidate models. 

so 

18. A program storage device readable by machine, tangibly embodying a program of instructions executable by the 
machine to perform method steps for matching a two dimensional image to one of a plurality of three dimensional 
candidate models, the method comprising the steps of: 

55 determining the position and orientation of the two dimensional image; 

for each three dimensional candidate model, computing a histogram -like table having a computed brightness 
coefficient for each surface normal of the three dimensional candidate model based on the corresponding 
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value in the two dimensional image, each brightness coefficient depending only on the corresponding surface 
normal; 

successively rendering each three dimensional candidate model in the determined position and orientation 
using the surface normals in conjunction wfth the corresponding computed brightness histogram-like table; and 

comparing the two dimensional Image with each of the rendered three dimensional candidate models. 

19. A computer program product embodied in a computer-readable medium for matching a two dimensional Image to 
one of a plurality of three dimensional candidate models stored in a database, the computer program product 
comprising: 

computer readable program, code means for determining the position and orientation of the two dimensional 
image; 

computer readable program code means for computing a histogram-like table for each three dimensional 
candidate model, having a computed brightness coefficient for each surface normal of the three dimensional 
candidate model based on the corresponding value in the two dimensional image, each brightness coefficient 
depending only on the corresponding surface normal; 

computer readable program code means for computing the variance of the brightness coefficients that are 
used to create each bucket of the histogram-like table, a bucket being a set of similar normal values that are 
lumped together to form a single argument value in the histogram-like table; 

computer readable program code means for computing the sum of the variances of the histogram-like table 
buckets; and 

computer readable program code means for ranking the three dimensional candidate models using its com- 
puted sum as an error function, the ranking indicating the likelihood that the corresponding three dimensional 
model matches the two dimensional image. 

20. A program storage device readable by machine, tangibly embodying a program of Instructions executable by the 
machine to perform method steps for'matching a two dimensional image to one of a plurality of three dimensional 
candidate models, the method comprising the steps of: 

determining the position and orientation of the two dimensional image; 

for each three dimensional candidate model, computing a histogram-like table having a computed brightness 
coefficient for each surface normal of the three dimensional candidate model based on the corresponding 
value In the two dimensional image, each brightness coefficient depending only on the corresponding surface 
normal; 

computing the variance of the brightness coefficients that are used to create each bucket of the histogram- 
like table, a bucket being a set of similar normal values that are lumped together to form a single argument 
value in the histogram-like table; 

computing the sum of the variances of the histogram-like table buckets; and 

ranking the three dimensional models using its computed sum as an error function, the ranking indicating the 
likelihood that the corresponding three dimensional candidate model matches the two dimensional image. 

21. A computer program product embodied in a computer-readable medium for matching a two dimensional image to 
one of a plurality of three dimensional candidate models stored in a database, the computer program product 
comprising: 

computer readable program code means for determining the position and orientation of an object giving rise 
to the two dimensional image; 
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computer readable program code means tor computing a representation of lighting effects that allows the 
lighting that gave rise to the two dimensional image to be used to render a realistic image of a three dimensional 
candidate model; 

5 computer readable program code means for successively rendering each three dimensional candidate model 

in the determined position and orientation using the surface normals in conjunction with the corresponding 
computed representation of lighting effects; and 

computer readable program code means for comparing the two dimensional image with each of the rendered 
10 three dimensional candidate models. 

22. A program storage device readable by machine, tangibly embodying a program of instructions executable by the 
machine to perform method steps for matching a two dimensional image to one of a plurality of three dimensional 
candidate models, the method comprising the steps of: 

15 

determining the position and orientation of an object giving rise to the two dimensional image; 

computing a representation of lighting effects that allows the lighting that gave rise to the two dimensional 
image to be used to render a realistic image of a three dimensional candidate model; 

20 

successively rendering each three dimensional candidate model in the determined position and orientation 
using the surface normals in conjunction with the corresponding computed representation of lighting effects; 
and 

25 comparing the two dimensional Image with each of the rendered three dimensional candidate models. 

23. A computer program product embodied in a computer-readable medium for matching a two dimensional image to 
one of a plurality of three dimensional candidate models stored in a database, the computer program product 
comprising: 

30 

computer readable program code means for determining the position and orientation of an object giving rise 
to the two dimensional image; 

computer readable program code means for computing a representation of lighting effects based on the plu- 
35 rality of three dimensional candidate models and the two dimensional image that allows evaluation of the 

likelihood that a particular three dimensional candidate model gave rise to a particular two dimensional image; 
and 

computer readable program code means for choosing the most likely three dimensional candidate model to 
40 have generated the query based on the computed representation of lighting effects. 

24. A program storage device readable by machine, tangibly embodying a program of instructions executable by the 
machine to perform method steps for matching a two dimensional image to one of a plurality of three dimensional 
candidate models, the method comprising the steps of: 

45 

determining the position and orientation of an object giving rise to the two dimensional image; 

computing a representation of lighting effects based on the plurality of three dimensional candidate models 
and the two dimensional image that allows evaluation of the likelihood that a particular three dimensional 
so candidate model gave rise to a particular two dimensional image; and 

choosing the most likely three dimensional candidate model to have generated the query based on the com- 
puted representation of lighting effects. 

55 
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